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Proteomics of cell-free breast cancer scaffolds identify
clinically relevant imprinted proteins and
cancer-progressing properties

The composition of the extracellular tumor microenvi-
ronment (TME) has not been fully delineated, limiting
the understanding of general cancer-progressing proper-
ties within the cancer niche. The interplay and dynamics
between cancer cells and the surrounding structures and
cells clearly differ between various subtypes of cancer,
adding to the complexity of precision medicine [1].
To better understand the composition and to define the

imprinted proteins of the TME in breast cancer and its
potential associations with clinical properties of the dis-
ease, we performed global proteomic analysis on a cohort
of 63 decellularized patient-derived scaffolds (PDSs). PDSs
represents the cell-free TME and were prepared using pri-
mary lesions from breast cancer patients with available
clinicopathological data (Figure 1A, Supplementary file of
methods). The PDS method has earlier been shown to
maintain tumor tissue heterogeniety in vitro, producing
quantitative assessments of the activity of the TME when
studying cancer cell lines adapted to various PDS-based
cell cultures [2]. Specific gene changes in the cancer popu-
lation induced by the heterogenous PDS culture conditions
have also been linked to clinical observations, validating
the selected strategy for this study [2–5].
The analysis of the cell-free PDSs identified 1,844 unique

proteins (Supplementary Table S1), showing enrichment
for proteins related to metabolism, translation, transport,
immunity, and extracellular matrix (ECM). Surprisingly,
most proteins were annotated as cytoplasmic, suggest-
ing that intracellular proteins were also associated with
the PDSs, as further deliberated below (Supplementary
Figure S1).When comparing the protein contents from pri-
mary cancer samples with adjacent normal breast tissues,
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1,280 of the 1,844 detected proteins from the cell-free com-
partments were differentially expressed. Normal breast
tissues were, in comparison to the PDSs, enriched for pro-
teins involved in oxidation-reducing processes, secretion,
regulation of exocytosis, and ECM organization (Supple-
mentary Figure S2).
Next, we used k-means clustering to identify potential

subgroups of patients based on the protein composition of
the cell-free PDSs. PDS Clusters 1-3 were recognized, dis-
tinguished by the expression of proteins in Clusters A-C.
Interestingly, the PDS clusters were significantly associ-
ated with cancer subtypes (Figure 1B and Supplementary
Table S2). Cluster 1 was mainly derived from lobular can-
cers (63%) and low-grade cancers, showing high levels
of 458 proteins involved in ECM organization, biologi-
cal adhesion, and leukocyte-mediated immunity forming
protein Cluster A. Cluster 2 was primarily derived from
ductal cancers (77%) and showed pronounced expression
of protein Cluster B, comprising of 396 proteins related to
exocytosis, secretion and neutrophil degranulation. Clus-
ter 3 included a mixture of ductal and lobular cancers with
the highest levels of proteins from Cluster C, containing
990 proteins mainly involved in metabolic processes and
establishment of cellular localization. When identifying
proteins separating the two cancer types independently of
the defined clusters (Figure 1C and Supplementary Table
S3), ductal cancers were enriched for proteins classified as
modifying enzymes, metabolite interconversion enzymes,
RNA metabolism proteins and translational proteins. In
contrast, lobular cancers showed high protein contents of
ECManddefense/immunity proteins (Figure 1D), support-
ing earlier findings that subsets of lobular cancersmight be
more responsive to immune-targeting cancer therapies [1].
Next, we identified PDS-associated proteins that signifi-

cantly differed between patients with or without recurrent
disease (Figure 1E). The 52 proteins associated with pro-
gressive disease and recurrences were mainly classified
as transporter and metabolite interconversion enzymes,
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F IGURE 1 In-depth analyses of the tumor microenvironment in breast cancer by proteomic analyses of cell-free PDSs. (A) Schematic
workflow of the experimental set-up illustrating how breast cancer tissues were frozen directly after surgery, biobanked, and decellularised
resulting in cell-free PDSs. PDSs were then homogenized, and protein content was analyzed using quantitative LC-MS/MS followed by
comparisons with clinical parameters. (B) Heatmap displaying the separation of 63 breast cancer PDSs into three k-means Clusters 1-3 based
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while the 31 proteins linked to non-recurrent cancer pri-
marily were cytoskeletal and scaffold/adaptor proteins.
Interestingly, members of the keratin protein and solute
carrier (SLC) families were prominent among the proteins
associated with aggressive disease, and 8 out of 14 identi-
fied keratins were more abundant in PDSs from patients
later having disease recurrences (Figure 1F). Higher lev-
els of KRT78 in PDSs were significantly associated with
poor disease-free survival in univariate (Figure 1G) as well
as multivariable analyses (hazard ratio = 14.86, P = 0.01).
In line with the presented data, keratins are abundantly
expressed in subsets of epithelial cells and are linked to
prognosis in many cancer types [6].
To further define the scaffold content in breast cancer,

we clustered the PDSs based on a subset of 126ECM-related
proteins traditionally being representative of the TME
(Figure 1H and Supplementary Table S4). Three newECM-
based PDS clusters were observed, only partly overlapping
with the previous reported clusters (Supplementary Figure
S3), and further significantly associated with cancer grade
and age of the patients (Supplementary Tables S5-S6).
Cluster ECM-1 showed a high proportion of low-grade
cancers, mixed patient ages and was distinguished by
high presence of collagens, microfibril-associated proteins
(EMILIN1, MFAP2), fibrillins (FBN1, FBN2), latent trans-
forming growth factor beta binding protein LTBP1, and
peroxidin PRDX4, as well as low levels of integrin sub-
unit ITGB2. Cluster ECM-2was associatedwith high-grade
cancer, older patient ages and was strongly associated
with lower levels of ECM proteins, specifically collagens
and laminin subunits, as well as of the structural protein
tenascin XB (TNXB). In contrast, cluster ECM-3 mainly
included low-grade cancers of all ages and was defined by
higher ECM protein content. When detailing the collagen
abundance in the PDSs in relation to patient age, there

was a significant gradual decrease in 10 out of 21 detected
collagens with increasing patient age (Figure 1I).
Proteins identified in the TME could be important when

designing future in vitro three-dimensional (3D) growth
models but could also be further evaluated as potential
diagnostic biomarkers or even targets for cancer thera-
pies. Importantly, the presented data demonstrate that
ECM-related proteins were often more abundant in less
malignant low-grade TME. This suggest that 3D growth
models mimicking aggressive breast cancer cannot be
recapitulated using only ECM proteins but should be com-
plemented with other proteins present in the cancer niche.
The age of the cancer patient was also associated with the
ECM composition of the PDS, and younger patients exhib-
ited higher level of ECM proteins, specifically collagens.
The collagen turnover is a normal part of tissue home-
ostasis, and collagens commonly becomes more loose,
disorganized, and fragmented in older tissues, including
the skin [7]. Elderly patients also have different pharma-
cokinetic profiles compared to younger patients. Based
on the obvious structural differences now also demon-
strated in the TME, age-specific cancer drugs could be
developed and tailored for managing varying malignant
properties within the TME of younger or older cancer
patients. Regarding the presence of intracellular proteins
in the cell-free PDSs from breast cancer patients, other
studies exploring ECM proteins in decellularized tissues
[8, 9] also detected large amounts of intracellular proteins
despite using harsh detergent treatments and enrichment
processes. These results support that the multitude of pro-
teins detected in this study indeed represents structurally
incorporated and scaffold-associated proteins revealed by
the PDS method. The results further suggest that differ-
ent cell types within the TME are contributing to the
imprinting of the scaffold structures, but future studies

on the relative expression of all detected proteins. Distribution of clinical characteristics of the PDSs and original tumors are indicated by the
colored bars above each cluster. *P < 0.05 denotes significant parameter in Chi-square analyses for the three PDS clusters and clinical
parameters. Y-axis shows k-means Clusters A-C of the proteins where the 10 most enriched GO biological process terms for each protein
cluster are listed (q < 0.05, Bonferroni correction for multiple testing). (C) Volcano plot depicting proteins differentially expressed in lobular
or ductal cancers. Significant proteins are considered as P < 0.05 and are colored blue, unpaired two-sided Welch t-test. D) Pie chart showing
the percentage of the 127 proteins upregulated in lobular (n = 16) and the 401 proteins upregulated in ductal (n = 42) cancers to each category
of Protein Class hits resulting from PANTHER classification analysis. The classes extracellular matrix proteins and defense/immunity
proteins are highlighted. (E) Heatmap showing the average protein expression of significantly differentially expressed proteins in PDSs from
patients with recurrence (n = 31) compared to no recurrence (n = 31). P < 0.05, unpaired two-sided Welch t-test. (F) Box plot (min to max)
highlighting the relative abundance of 14 keratins in relation to disease recurrence. *P < 0.05, ** P < 0.01, ***P < 0.001, Mann-Whitney U-test
with Sidak’s multiple comparisons test. (G) Kaplan-Meier plot illustrating DFS for patients with high or low levels of KRT78 in the PDS
(log-rank, P = 0.025). The DFS for patients was calculated as months from the day of primary surgery until endpoint defined by recurrence of
metastatic disease, breast cancer or death by breast cancer. (H) Venn diagram showing the proportion of the PDS-detected proteins in relation
to defined functions. (I) Box plot (min to max) of the relative collagen abundance stratified based on patient’s age at the time of primary
surgery. *P < 0.05, **P < 0.01, ***P < 0.001, Two-Way ANOVA with Tukey’s multiple comparison test. Abbreviations: DFS, disease-free
survival; ER, estrogen receptor; GO, Gene Ontology; LC-MS/MS, Liquid-mass spectrometry/mass spectrometry; PDS, patient-derived
scaffolds; PR, progesterone receptor.
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should detail the potential contribution from secreted and
circulating factors.
In conclusion, the results suggest that breast cancers

can be subclassified based on the levels of specific proteins
in the cell-free PDS microenvironment. The PDS compo-
sitions were not only limited to ECM-associated proteins
but also incorporated proteins linked to processes such
as secretion, transport, localization, immune response,
and metabolism. Importantly, properties of the PDSs were
indeed linked to clinical characteristics of the cancer dis-
ease, suggesting that different qualities of the TME have
the potential to add clinically relevant information for
breast cancer.
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